The periplasmic Escherichia coli enzyme DsbA catalyses the efficient formation of disulphide linkages in numerous extracytoplasmic proteins. Enteropathogenic E. coli, a major cause of infantile diarrhoea worldwide, expresses a type IV fimbria known as the bundle-forming pilus that promotes adherence to tissue-culture cells. In this study, we report that transposon insertions in the dsbA locus abolish adherence and dramatically reduce the level of bundlin, the major structural subunit of the pilus encoded by the bfpA locus. Adherence and bundlin levels are restored by complementation with the cloned dsbA gene. DsbA has no effect on bfpA transcription as measured with bfpA-lacZ fusions. Replacement of either cysteine codon 129 or 179 of bfpA with a serine codon results in reduced levels of bundlin, similar to the effect of the dsbA mutation. As is the case with dsbA mutants, this decreased level of bundlin is not due to decreased transcription. The half-life of bundlin as detected by pulse-chase experiments is dramatically reduced in a dsbA mutant in comparison to the wild type. The effect of DsbA on bundlin oxidation is independent of signal-peptide processing. Thus, we demonstrate that the DsbA enzyme is critical for the biogenesis of a type IV fimbria because of the essential role of a disulphide bond in the stability of the major structural subunit. These data illuminate the early steps in the biogenesis of type IV fimbriae by demonstrating that newly synthesized prepilin is a transmembrane protein accessible to periplasmic and cytoplasmic processing enzymes.
Introduction
Fimbriae, also known as pili, are bacterial appendages that range from 2 to 10 nm in diameter and extend up to several microns from the bacterial surface (Paranchych and Frost, 1988) . These complex organelles consist of a helical array containing many copies of a major structural subunit and may include several minor subunits. Some fimbriae are composite fibres containing a rigid shaft joined end to end to a flexible fibrillar tip (Jones et al., 1995; Kuehn et al., 1992) . Studies of fimbrial biogenesis have contributed greatly to our understanding of complex cellular processes such as protein export, protein-protein interactions, protein targeting, and protein folding. In particular, studies of P fimbriae, encoded by the pap operon of uropathogenic Escherichia coli, have yielded considerable information concerning these processes. After cleavage of typical N-terminal leader peptides, subunits of these pili are secreted into the periplasmic space where they interact with a chaperone encoded by the papD locus (Lindberg et al., 1989) . The chaperone-subunit complexes, with the subunits held in their native conformation, are targeted to an outer membrane usher encoded by the papC locus, where the binding affinities of the complexes to the usher contribute to the order in which the subunits are incorporated into the growing pilus (Dodson et al., 1993) .
In contrast to the abundant information available regarding P and similar fimbriae, little is known about another class of pili known as type IV fimbriae (Hobbs and Mattick, 1993) . These pili are produced by several important Gramnegative pathogens of humans, animals and plants, including Pseudomonas aeruginosa, Vibrio cholerae, Neisseria gonorrhoeae, Neisseria meningitidis, Eikenella corrodens, Moraxella bovis, Dichelobacter nodosis, and Pseudomonas putida. The pilin protein of type IV fimbriae is processed from its precursor by a specialized prepilin peptidase, which cleaves an atypical hydrophilic leader sequence, and, at least in the case of the enzyme from P. aeruginosa, catalyses the N-methylation of the N-terminal residue of the mature protein . Although several genes encoding accessory proteins required for the biogenesis of type IV pili have been described, the details of export and assembly of these organelles remain obscure. No chaperones, ushers, or linker proteins have been described. It has been suggested that the pilin subunits may be exported directly through both the cytoplasmic and outer membranes of the bacteria without a periplasmic phase of transport (Kaufman et al., 1991; Hobbs and Mattick, 1993) . Interestingly, some of the machinery required for biogenesis of type IV pili is shared by diverse bacterial systems, including those involved in the secretion of virulence factors by Gram-negative bacteria, in biogenesis of bacteriophages, in natural competence by Gram-positive and Gram-negative bacteria, and in DNA transfer (Hobbs and Mattick, 1993) . It may be that these systems evolved from an ancient macromolecular transport system that pre-dated the divergence of bacteria and archeae, because prepilin peptidase-cleavage sites have been recognized in flagellar proteins from the latter (Faguy et al., 1994) .
Enteropathogenic E. coli (EPEC) , a leading cause of diarrhoea among infants in many developing countries (Donnenberg, 1995) , forms tight microcolonies on the surface of tissue-culture cells in a pattern termed localized adherence (Scaletsky et al., 1984) . Localized adherence is associated with the presence of a large 'EPEC adherence factor (EAF)' plasmid common to EPEC strains (Nataro et al., 1987) . Recently, a type IV fimbria termed the bundle-forming pilus (BFP) has been identified in EPEC (Girón et al., 1991) . The analysis of transposon TnphoA mutants deficient in localized adherence led to the identification of the bfpA gene on the EPEC plasmid encoding bundlin, the major structural subunit of BFP (Donnenberg et al., 1992) . Subsequently a cluster of 14 genes including bfpA was identified and, for the first time, biogenesis of a type IV fimbriae in a recombinant E. coli strain was achieved with a defined set of genes (Stone et al., 1996) . Similar results were obtained independently in another laboratory (Sohel et al., 1996) . These studies open the way for a detailed analysis of type IV pili such as that which has been performed for P fimbriae.
In addition to mutants with insertions in bfpA, TnphoA mutants defective in localized adherence were described which have transposon insertions in the EPEC chromosome rather than the plasmid (Donnenberg et al., 1990) . In this study, we have determined that these mutants have TnphoA insertions in the chromosomal dsbA gene, which is required for efficient disulphide-bond formation in the periplasmic space in vivo (Bardwell et al., 1991) . The purpose of this study was to identify the mechanism by which DsbA activity contributes to localized adherence.
Results
Identification of the chromosomal gene interrupted in localized adherence-deficient TnphoA mutants as the E. coli dsbA gene Originally, two mutants deficient in localized adherence with chromosomal TnphoA insertions were reported (Donnenberg et al., 1990) . Further investigation revealed that two additional mutants with chromosomal insertions were deficient in localized adherence (data not shown). The TnphoA insertions from each of these mutants, together with flanking DNA, were cloned into pCVD433 in E. coli DH5a and found to reside on a common 10.5 kb MluI fragment. To clone the chromosomal gene required for localized adherence that had been inactivated in these mutants, a 3.4 kb gene probe was derived from the 3' fusion junction of one mutant. This probe was used for colony blot hybridization of an EPEC cosmid gene library constructed in E. coli strain HB101. Surprisingly, every clone in the library hybridized with the gene probe, indicating that DNA sequences homologous to the probe were present in the host strain HB101 and not unique to EPEC.
To map the position of the hybridizing sequence on the E. coli chromosome, the same probe was tested against an ordered phage library of E. coli K-12 constructed by Kohara (Kohara et al., 1987) . Both phage clones (10H11 and 5H8) that hybridized to the probe mapped to approx. 86 min on the K-12 chromosome. Because the dsbA gene was also reported to map to this region, we sequenced the fusion junctions from each mutant to determine whether the TnphoA mutations in these mutants were located within dsbA. The MluI fragment of each mutant cloned in pCVD433 served as template, and an oligonucleotide complementary to the antisense strand of the phoA gene was used as a primer to determine the upstream fusion-junction sequence. To sequence the downstream junction, another primer which corresponds to the IS50 R sequence 7692-7709 of TnphoA was used. Because this primer has complementary sequences at both ends of the transposon, it was necessary to first isolate the downstream fusion junction of each mutant by subcloning. To complete sequencing, flanking oligonucleotides were synthesized. Sequences of these clones resulted in determination of the exact fusion junction and the DNA sequence interrupted by the transposon for each mutant, and revealed that all four mutants have TnphoA inserted in the dsbA gene. The nomenclature chosen to designate the mutation in each of these strains ( Table 1) indicates the position of the last amino acid prior to the alkaline-phosphatase fusion.
The EPEC dsbA gene is 98% identical to that previously reported in E. coli K-12 (Bardwell et al., 1991) . Interestingly, all of the 12 nucleotide substitutions are in the third codon position, and 11 of the 12 are silent. The sole exception is the substitution of GAG for GAT resulting in the conservative replacement of aspartic acid with glutamic acid at position 90. When plasmid p16-1 containing the cloned K-12 dsbA gene was introduced into each of these mutants, the ability to perform localized adherence was restored (Fig. 1) . Thus, we determined that a ubiquitous E. coli gene, the product of which catalyses the formation of disulphide bonds in the periplasm, is required for localized adherence by EPEC. dsbA mutants express dramatically reduced levels of bundlin As BFP is believed to be the adhesin responsible for localized adherence, we first examined the effect of the dsbA mutation on expression of bundlin, the major structural subunit of this pilus. Using a rabbit polyclonal anti-bundlin antibody, we analysed expression of bundlin by Western blot. As shown in Fig. 2 , dsbA mutants produce levels of bundlin that are barely detectable. Introduction of wildtype dsbA into these mutants on plasmid p16-1 restores expression of bundlin. Thus, the dsbA locus is required for normal levels of the major structural subunit of BFP.
The dsbA gene is not required for transcription of bfpA We considered two hypotheses for the effect of dsbA on bundlin levels: dsbA is required for production of bundlin, perhaps by its effect on an extracytoplasmic regulator; or dsbA is required for bundlin stability. To test the first hypothesis, we cloned a 250 bp DNA fragment containing the 5' end of the bfpA gene into the suicide vector pLAC-1 upstream of a promoterless lacZ gene. We introduced this suicide vector into both the wild-type EPEC E2348/ 69 and EPEC dsbA mutant 21-2-2(1) by conjugation. Selection for ampicillin resistance (imparted by the suicide vector) and nalidixic acid resistance (in the EPEC strains) allowed the isolation of strains which had integration of the suicide vector at the bfpA locus by homologous recombination. Thus, isogenic strains HZ101 and HZ102 contain bfpA-lacZ transcriptional fusions in wild-type and dsbA backgrounds, respectively. Beta-galactosidase activity of the resulting strains was equivalent, indicating that the dsbA mutation has no effect on transcriptional activity of the bfpA promoter ( Table 2) .
bfpA mutants with cysteine to serine substitutions fail to express detectable levels of bundlin Because dsbA encodes a periplasmic enzyme catalysing disulphide-bond formation, its effect on bundlin expression could be mediated directly through the two cysteines in bundlin. If so, one would predict that substitutions of either cysteine would result in effects similar to those seen in dsbA mutants. We cloned a 4 kb HindIII DNA fragment containing bfpA into the mutagenic vector pALT-1. Sitedirected mutagenesis was performed to individuallyreplace each of the cysteines with a serine. For convenience in later confirmation of the mutations, new NheI restriction sites were engineered at the site of each substitution Stone et al. (1966) without otherwise altering the amino acid sequence of the protein. The 4 kb HindIII fragments with the mutated bfpA genes were cloned into positive-selection suicide vector pCVD442 and the wild-type bfpA was replaced with the Cys ! Ser mutations by allelic exchange to create strains UMD901 and UMD902 (Fig. 3A) . The constructs were confirmed by polymerase chain reaction (PCR) followed by NheI digestion, which revealed bands of the predicted sizes (data not shown). To exclude the possibility of any secondary mutations, the bfpA gene was amplified from each mutant and sequenced directly. Only the intended base changes were present. The amount of bfpA transcript detected in each mutant by Northern blot was similar to the wild type (data not shown). However, bundlin was not detected by Western blot of whole cell lysates from either of the Cys ! Ser bfpA mutants (Fig. 3B ). In addition, both UMD901 and UMD902 are deficient in localized adherence (data not shown). Thus the disulphide bond formed between the two cysteines in bundlin, presumably catalysed by DsbA, is critical for the stable expression of this protein. Mutations affecting formation of the disulphide bond, either by disrupting dsbA or by mutating either of the two cysteines, led to dramatically reduced levels of bundlin. As this reduced expression is not due to decreased transcription, disulphide-bond formation appears to be necessary for stability of the protein.
Deficiency in disulphide-bond formation in dsbA mutants results in instability of bundlin To directly test the effect of the dsbA mutation on stability of bundlin, it was necessary to place the bfpA gene under the control of an inducible promoter in isogenic EPEC strains containing wild-type and mutant dsbA alleles. To create these strains it was first necessary to cure a dsbA mutant of the adherence plasmid containing the native bfpA gene. During construction of the Cys ! Ser mutants, it was noted that some sucrose-resistant colonies had lost the entire adherence plasmid rather than resolved the partial merodiploidy imparted by the suicide vector. Therefore, suicide vector pCVD442CysI was introduced into the E. coli dsbA ::TnphoA mutant 16-9-1(1) by conjugation and sucrose-resistant colonies were selected from the progeny of an exconjugant as described (Donnenberg et al., 1993) . One such colony, which had lost the EAF plasmid rather than undergone excision of the suicide vector, was identified by lack of a bfpA PCR product and confirmed by plasmid extraction. This strain, denoted HZZ16, and JPN15, a plasmid-cured derivative of the wild type, were each 2 . The effect of dsbA on levels of bundlin. Whole cell lysates of strains grown under conditions to enhance bundlin expression were separated by 15% discontinuous SDS-PAGE, transferred to nitrocellulose, and probed with an anti-bundlin antibody. Lane 1, bfpA ::TnphoA mutant 10-1-1(1); lane 2, wild-type E2348/69; lanes 3, 5, and 7, dsbA ::TnphoA mutants 21-2-1(1), 23-5-1(3), and 25-2-1(1), respectively; lanes 4, 6, and 8, 21-2-1(1), 23-5-1(3), and 25-2-1(1), respectively, each complemented with p16-1 containing the cloned dsbA gene. Similar results were obtained with the dsbA mutant 16-9-1(1).
transformed with pKDS302 containing the bfp gene cluster under control of an IPTG-inducible promoter.
E. coli strains JPN15 (pKDS302) and HZZ16 (pKDS302), containing the bfp gene cluster in a wild-type and dsbA plasmid-cured EPEC background, respectively, were cultured to exponential phase and cells were treated with IPTG for 5 min to induce high-level expression of bundlin. Cells were then pulse labelled with [
S]-methionine and [
35 S]-cysteine for 2 min and chased with addition of an excess of unlabelled methionine and cysteine. Samples taken at various chase points were immediately treated with iodoacetamide to trap any remaining free sulfhydryl groups, immunoprecipitated with an anti-bundlin polyclonal antiserum, and analysed by SDS-PAGE under non-reducing conditions. Within the 2 min labelling period, processing of the N-terminal signal peptide had already commenced, although it was not completed, so that only a faint band representing reduced prebundlin could be detected in both wild-type and dsbA strains (Fig. 4) . However, oxidation of mature bundlin was detected only in the wild-type background. The final product, mature oxidized bundlin, remained stable for the entire chase period in the wild type. In separate experiments, mature oxidized a. Beta-galactosidase assays were performed on wild-type strain E2348/69, dsbA mutant 21-2-2(1), strain HZ101 containing a bfpAlacZ transcriptional fusion in the wild-type background, and HZ102 containing a bfpA-lacZ transcriptional fusion in the dsbA background. Data shown are the mean value (6 SEM) of results from four independent experiments. There is no significant difference between strains E2348/69 and 21-2-2(1) or HZ101 and HZ102 (Student's t-test, two-tailed).
Fig. 3. A. Construction of strains with Cys

!
Ser missense mutations in bfpA. Oligonucleotides were designed to replace cysteine codon 129 and cysteine codon 179 with serine codons while generating new NheI restriction sites. Both mutations were confirmed by DNA sequencing. The 4 kb HindIII DNA fragments containing each mutated bfpA gene were then separately cloned into a positive-selection suicide vector pCVD442 to yield plasmids pCVD442CysI and pCVD442CysII in strain SM10lpir. These plasmids were then transferred to wild-type EPEC strain E2348/69 by conjugation. Exconjugants were plated on sucrose agar to select for clones that had lost the suicidevector sequence, which contains the sacB gene conferring sucrose sensitivity (Donnenberg and Kaper, 1991) . The resulting strains, UMD901 and UMD902, were each transformed with pMSD217 containing bfpA-P for complementation studies. B. The effect of Cys ! Ser mutations on levels of bundlin. Whole-cell lysates of strains grown under conditions to enhance bundlin expression were separated by 15% discontinuous SDS-PAGE, transferred to nitrocellulose, and probed with an anti-bundlin antibody. Lane 1, bfpA ::TnphoA mutant 10-1-1(1); lane 2, wild-type E2348/69; lane 3, UMD901 containing bfpA C129S; lane 4, UMD901 complemented with pMSD217 containing bfpA-P; lane 5 UMD902 containing bfpA C179S; lane 6, UMD902 complemented with pMSD217 containing bfpA-P.
bundlin persisted with no diminution of signal intensity for at least 180 min. In the wild-type background, a doublet migrating with reduced processed bundlin could be detected at the earliest time points. The additional band probably represents oxidized prebundlin. In striking contrast to the wild type, only a tiny fraction of the reduced prebundlin was chased into the stable oxidized processed form in the dsbA strain, while the vast majority of the protein was lost (degraded) within 20 min. When supernatants of the wild-type and dsbA mutant strains were examined, no soluble secreted pilin proteins were identified. This result confirms the hypothesis that formation of the disulphide bond in bundlin is inefficient in the dsbA mutant and is associated with transformation from an unstable form of the protein to a highly stable form.
The effect of dsbA on bundlin does not require processing of the prepilin For many envelope and secreted proteins, correct processing of the signal sequence is a prerequisite for crossing the cytoplasmic membrane into the periplasmic space.
To test whether processing of prebundlin is necessary for DsbA to exert its effect on bundlin expression, we mobilized two plasmids into strains JPN15 and HZZ16 (wild-type EPEC and dsbA mutant, respectively, each cured of EAF plasmid pMAR2). The two plasmids were pMSD230, which contains only the bfpA gene under the control of the IPTG-inducible trc promoter, and pKDS302, which contains the entire bfp gene cluster including bfpP, the prepilin peptidase gene (Zhang et al., 1994) , under the control of the same promoter. Expression of the bfpA gene was induced with IPTG and Western blots were used to examine the levels of prebundlin and bundlin. As expected, when the entire gene cluster is expressed from pKDS302, bundlin cannot be detected in the dsbA mutant. Furthermore, even when prebundlin is expressed from pMSD230 in the absence of prepilin peptidase, its detection is dependent on DsbA (Fig. 5) . In this case, the relative mobility of prebundlin is the same as that observed in the initial time points of the pulse-chase experiment, indicating that prebundlin remains unprocessed. This result indicates that disulphide-bond formation in the C-terminal domain of bundlin is independent of the processing of the N-terminal signal peptide and indicates that the periplasmic DsbA enzyme can act on the C-terminus of the protein even as the unprocessed N-terminus remains in the cytoplasm.
Discussion
Our search for the genetic defect in a set of enteropathogenic E. coli mutants deficient in localized adherence led us to the EPEC dsbA gene. We determined that the dsbA mutation exerts its effect on localized adherence by profoundly affecting the level of bundlin, the pilin protein of a type IV fimbria. Unlike the case of OmpF, which is also absent in dsbA mutants (Pugsley, 1993) , the effect of DsbA on bundlin expression is not exerted at the level of transcription, but through disulphide-bond formation in bundlin itself. This disulphide bond is critical for maintaining bundlin in a stable conformation, presumably for resistance to proteases. Furthermore, we found that formation of this bond is independent of processing of the N-terminal signal peptide. Although our results imply that the major effect of DsbA on the bundle-forming pilus is on bundlin oxidation, they do not preclude a role for DsbA in disulphide-bond formation in other proteins involved in bundleforming pilus biogenesis.
Disulphide bonds are critical to the folding and stability of many proteins (Doig and Williams, 1991; Taniyama et al., 1991) . In the search for factors that ensure rapid and correct disulphide-bond formation in vivo, two groups of workers independently identified the E. coli dsbA locus, the product of which is a periplasmic enzyme catalysing disulphide-bond formation (Kamitani et al., 1992; Bardwell Fig. 4 . The effect of dsbA on bundlin stability. The wild type is represented by E. coli strain JPN15, a derivative of wild-type EPEC strain E2348/69 that has been cured of the adherence plasmid, that has been transformed with pKDS302 containing the bfp gene cluster under the control of the inducible trc promoter. The dsbA mutant is represented by strain HZZ16, a derivative of EPEC dsbA mutant strain 16-9-1(1) that was cured of its adherence plasmid, also transformed with pKDS302. Following induction of bundlin expression with IPTG, each strain was pulse labelled with [
S]-methionine and [
35 S]-cysteine and chased for the indicated time periods (in min) with cold methionine and cysteine. Free sulfhydryl groups were trapped by addition of iodoacetamide. Prebundlin and bundlin were precipitated with anti-bundlin immunoglobulin coupled to protein A-sepharose beads and samples were separated by 15% discontinuous SDS-PAGE followed by autoradiography. The entire gel is shown to demonstrate that some lanes contain lower total radioactivity. The positions of reduced prebundlin, reduced bundlin, oxidized prebundlin and oxidized bundlin are indicated. A doublet is present at the earliest time points only in the wild-type background, which represents both oxidized prebundlin and reduced bundlin. In repeat experiments, the oxidized bundlin signal in the wild-type background was stable for at least 180 min (not shown). et al., 1991) . When isolated from a dsbA mutant, pulselabelled alkaline phosphatase and OmpA are susceptible to degradation by trypsin in vitro, an indication of incorrect folding (Bardwell et al., 1991) . In a dsbA mutant, the periplasmic protein alkaline phosphatase is translocated across the cytoplasmic membrane but not released into the periplasmic space, presumably because improper folding makes the polypeptide associate with the outer surface of the cytoplasmic membrane (Kamitani et al., 1992) . In contrast, maltose-binding protein, which does not contain a disulphide bond, is efficiently secreted into the periplasm and has normal protease resistance in a dsbA mutant (Kamitani et al., 1992; Bardwell et al., 1991) . E. coli DsbA was subsequently shown to be required for a multitude of processes including assembly of oligomeric proteins such as flagella (Dailey and Berg, 1993) and heat-labile enterotoxin (Yu et al., 1992) , as well as maturation of heat-stable enterotoxin I (Yamanaka et al., 1994) . In addition, DsbA homologues have been identified in V. cholerae (Yu et al., 1992; Peek and Taylor, 1992) , Haemophilus influenzae ( Tomb, 1992) , and Erwinia chrysanthemi (Bortoli-German et al., 1994) . These proteins are required for secretion of the cholera toxin A subunit (Peek and Taylor, 1992) , cell-envelope proteins ( Tomb, 1992) and cellulase (Bortoli-German et al., 1994) , and for assembly of the cholera toxin B pentamer (Yu et al., 1992) . Recently, the oxidant activity of DsbA was shown to be required for proper folding of PapD in order for it to function as a chaperone in assembly of P pili in uropathogenic E. coli (Jacob-Dubuisson et al., 1994) . Previously, a role of DsbA-like proteins in biogenesis of type IV pili had been suggested only by the phenotype of a tcpG (dsbA homologue in V. cholerae ) mutant. The V. cholerae tcpG mutant is able to assemble pili on the cell surface, yet fails to mediate colonization in vivo (Peek and Taylor, 1992) . Most interestingly, pilin in the defective pili contains its disulphide bond, probably resulting from air oxidation (R. Taylor, personal communication). In contrast, our results demonstrate a role of DsbA in EPEC type IV pilin biogenesis as a protein required for stabilizing the major structural subunit by facilitating formation of its disulphide bond.
Relatively little is known about the biogenesis of type IV pili. Unlike P pili and type I pili, for which synthesized pilin is released after signal-peptide cleavage into the periplasmic space to form chaperone-subunit complexes before assembly on the outer membrane (Lindberg et al., 1989) , no periplasmic phase has been detected for type IV pilin proteins, and no chaperones or ushers have been identified so far. Non-polymerized cell-associated pilin is always membrane associated, probably because of the hydrophobic domain at the N-terminus of the mature protein (Strom and Lory, 1991; Pasloske and Paranchych, 1988; Kaufman et al., 1991) . Even mutated pilins from P. aeruginosa that cannot be processed fractionate with both the inner and outer membrane, suggesting that signal-peptide cleavage is not essential for pilin transport (Strom and Lory, 1991) . Membrane-bound processed pilin has been suggested to represent a pre-assembly intermediate which is released to the surface through junctions spanning both membranes (Kaufman et al., 1991) . Even though type IV pilins have not been detected in the periplasmic space in soluble form, contact with the periplasmic environment may be required for correct folding of the protein because secreted proteins are normally in unfolded states in the cytoplasm. By demonstrating that disulphide-bond formation in bundlin is dependent on DsbA, a soluble periplasmic enzyme, our results indicate that the C-terminus of bundlin is exposed to the periplasmic space. The fact that we can detect oxidized prebundlin indicates that DsbA-facilitated oxidation can precede cleavage of the signal peptide, which occurs in the cytoplasm (Reeves et al., 1994) . Thus, our data show that during transport, both prebundlin and bundlin are integral cytoplasmic membrane proteins with their Ctermini exposed to the periplasmic space while the protein remains anchored to the inner membrane by the hydrophobic N-terminal domain. This topography is reminiscent of the E. coli inner membrane protein leader peptidase, Lep, which was shown to have one disulphide bond in its large periplasmic domain and another one between the two transmembrane domains. Only the formation of Fig. 5 . The effect of dsbA on bundlin levels in the presence and absence of signal-peptide processing. Whole-cell lysates of strains containing either bfpA alone or the entire bfp gene cluster including the prepilin peptidase, in both cases under the control of the trc promoter, were prepared after IPTG induction, separated by 15% discontinuous SDS-PAGE, transferred to nitrocellulose, and probed with an anti-bundlin antibody. From left to right: JPN15 (wild-type EPEC cured of its EAF plasmid) with pMSD230 containing bfpA alone, HZZ16 (EPEC dsbA cured of its EAF plasmid) with pMSD230, JPN15 with pKDS302 containing the entire bfp gene cluster, and HZZ16 with pKDS302. Neither prebundlin in the strain lacking the prepilin peptidase nor bundlin in the strain containing the prepilin peptidase was detected in the dsbA background.
the bond within the periplasmic domain was catalysed by the DsbA protein (Whitley and Von Heijne, 1993) .
The effect of DsbA is reminiscent, but distinct from its effect on the PapA protein (Jacob-Dubuisson et al., 1994) . Although the structural subunits of P pili are very unstable in a dsbA mutant, DsbA acts on the pilin subunits indirectly, by affecting the conformation of the chaperone PapD, which, in turn, is required for stability of pilin subunits (Jacob-Dubuisson et al., 1994) . We have not excluded the possibility that DsbA acts indirectly on bundlin through an intermediate protein.
However, the effect of the Cys ! Ser mutations indicates that failure of disulphide-bond formation in bundlin itself rather than in a chaperone can lead to loss of stability. Attempts to directly demonstrate oxidation of prebundlin by DsbA in vitro using purified proteins were hindered by the tendency of reduced purified prebundlin to rapidly and spontaneously re-oxidize (M. S. Donnenberg, unpublished) .
The effect of DsbA on the stability of the EPEC type IV pilin (bundlin) is somewhat unexpected, given the high degree of similarity between BFP and the toxin co-regulated pilus (TCP) type IV system of V. cholerae. Both BfpA and TcpA are categorized as group B type IV pilins based on the homology of the N-terminal amino acid sequence . In addition, the general gene structure of the bfp locus is similar to that of tcp (Stone et al., 1996) . In a tcpG (dsbA ) mutant, TcpA remains stable and can be assembled into pili. However, these pili seem to be non-functional, in that the tcpG mutant fails to colonize mice (Peek and Taylor, 1992) . The differences in the effect of DsbA on BFP and TCP probably reflect differences in the kinetics of disulphide-bond formation in the absence of DsbA relative to the kinetics of periplasmic proteases in the two species. While we postulate that reduced bundlin and prebundlin are degraded by proteases, we do not know the identity of the enzyme(s) involved. The fact that we were unable to detect bundlin in a dsbA degP double mutant (H.-Z. Zhang and M. S. Donnenberg, unpublished) indicates that the DegP enzyme (Strauch and Beckwith, 1988) is not solely responsible.
The presence of two cysteine residues near the C-terminus is a common feature of all type IV pilins and, indeed, most fimbrial subunits of any type. The recently solved three-dimensional structure of a type IV pilin indicates that these cysteines form a disulphide bridge exposing the intervening residues at the surface of the pilin fibre in N. gonorrhoeae (Parge et al., 1995) . The anti-parallel beta sheets bounded by the disulphide bond correspond to a region that has been implicated in the function of TCP-mediated colonization based on its recognition by monoclonal antibodies that provide passive immunity to experimental cholera (Sun et al., 1991) . Hypervariability in the same region of different pilin molecules that can be expressed by N. gonorrhoeae results in antigenic variation (Seifert et al., 1994) . Recently, asialo-GM 1 has been demonstrated to be the epithelial cell receptor for P. aeruginosa type IV pili (Lee et al., 1994; Saiman and Prince, 1993) , and the C-terminal disulphide-bond region was shown to be the adhesive domain on the tip of the assembled pili (Lee et al., 1994) . Interestingly, a P. aeruginosa pilA mutant with a C-terminal deletion that removed the last cysteine residue still assembled pili, although they were not functional (Farinha et al., 1994) . Our results indicate a different function of the disulphide bond in bundlin: maintaining the correct folding conformation to prevent degradation prior to assembly. Whether the domain within the disulphide bond also serves as the bundlin adhesin remains to be determined.
Experimental procedures
Strains, plasmids and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Bacteria were grown at 378C with aeration in Luria-Bertani (LB) broth or Eagle's minimal essential medium (EMEM). For cell labelling, bacteria were grown at 378C in synthetic minimal medium M9 supplemented with 0.4% glucose and 20 m g ml 7 1 each of 18 amino acids (except methionine and cysteine) (Miller, 1992) . The following antibiotic concentrations (in m g ml 7 1 ) were used: ampicillin, 200; chloramphenicol, 20; kanamycin, 25; nalidixic acid, 100; and tetracycline, 30. HEp-2 cell culture and localized-adherence assays were performed as previously described (Donnenberg et al., 1992) .
DNA techniques
Construction, purification and analysis of plasmid DNA, colony hybridization, DNA electrophoresis and other DNA manipulations were carried out using standard procedures (Sambrook et al., 1989) . A 3.4 kb HpaI-MluI DNA fragment containing the downstream TnphoA junction from mutant 16-9-1(1) was used as a DNA probe after labelling by random priming (Feinberg and Vogelstein, 1983) . A previously described cosmid library of EPEC strain E2348/69 in E. coli HB101 was used for colony hybridization (Jerse et al., 1990) . Membrane filters with the immobilized Kohara phage library (Kohara et al., 1987) were purchased from Takara Shuzo Co., Ltd. Double-stranded DNA sequencing was performed with the dideoxy chain-termination method (Chen and Seeburg, 1985) using the Sequenase 2.0 kit (United States Biochemical). Primers used for sequencing were K36, which hybridizes with the sense strand of alkaline phosphatase (bases 21-5 of the phoA sequence in TnphoA ), and G1, which corresponds to the IS50R sequence (bases 7692-7709 of TnphoA ). Sequencing from both strands was completed by using an upstream sense-strand primer, (5'-TACTGGCTGCGACAGACGGCGACTT-3'), and a downstream antisense strand primer Donne-23 (5'-CATGTGCCACCACCCCAGATTACG-3'). The sequence of the EPEC dsbA gene was deposited in the EMBL database under accession no. Z54203.
Northern blots
Bacteria (1 ml) from an overnight LB culture were diluted into 50 ml of EMEM and incubated for 90 min in an atmosphere of 95% air/5% CO 2 . RNA was extracted using the Perfect RNA kit (5 Prime ! 3 Prime) modified by addition of 1% SDS after the lysozyme incubation, to facilitate lysis. RNA (30 m g) was separated by electrophoresis in 1% agarose formaldehyde gels and transferred to nitrocellulose as described (Sambrook et al., 1989) . Blots were prehybridized for 2 h and hybridized overnight at 428C as described (Sambrook et al., 1989) , with a bfpA probe generated by PCR and labelled by the randompriming method (Feinberg and Vogelstein, 1983) . Blots were washed at 508C in 0.12 SSC, 0.1% SDS, and autoradiographed.
Site-directed mutagenesis and creation of bfpA mutants UMD901 and UMD902
A 4 kb HindIII DNA fragment containing bfpA was cloned into pALTER-1 (Promega) and in vitro mutagenesis was carried out according to the manufacturer's instructions. The mutagenic primers used were H2 (5'-GGATAAAGCGGCTAG-CGTTAGTCTTG-3') and H3 (5'-AGCGGCAACTGCTAG-CAAAAA-TACTG-3'). Each was used with the ampicillin repair primer (Promega) in separate mutagenesis reactions. The primers were designed such that each cysteine is replaced by a serine with the creation of a new NheI restriction site at that location. The bfpA gene from the wild-type strain was replaced by each of these cysteine to serine mutations by allelic exchange using positive-selection suicide vector pCVD442 (Donnenberg and Kaper, 1991) .
Construction of a bfpA-lacZ transcriptional fusion and b -galactosidase assay Plasmid pLAC250 was constructed by cloning a 250 bp XmaI-AccIII fragment, containing the 5' end of the bfpA gene, into the XmaI site of suicide vector pLAC-1 upstream of and in the same orientation as the lacZ reporter gene, and transforming DH5alpir (Allaoui et al., 1992) . This plasmid was introduced into both the E2348/69 and dsbA mutant 21-2-2(1) by triparental conjugation with HB101 containing helper plasmid pRK2073 (Chikami et al., 1985) to yield strains HZ101 and HZ102 with bfpA-lacZ transcriptional fusions in the wild-type and dsbA background, respectively. Integration of pLAC250 into the EAF plasmid in each strain was confirmed by plasmid isolation and restriction digestion with Sal I. Beta-galactosidase assays were performed as described (Miller, 1992) . Results were compared by Student's t-test.
Generation of an anti-bundlin polyclonal antiserum Recombinant bundlin was separated by SDS-PAGE of whole-cell lysates from a strain overexpressing the protein under a T7 promoter (Donnenberg et al., 1992) . After staining with Coomassie brilliant blue, the gel slice containing the bundlin band was mixed with Freund's complete adjuvant and used for subcutaneous inoculation of female New Zealand white rabbits. For booster immunization, the bfpA gene was amplified from wild-type EPEC strain E2348/69 using primer Donne-28 (5'-CGCGGATCCATGGTTTCTAAAAT-CATGAAT-3') and Donne-29 (5'-GCGAAGCTTTTACTT-CATAAAATATGTAAC-3'), and the 560 bp product was digested with BamHI and HindIII. This fragment was then cloned into pQE30 (Qiagen Inc.) to create pMSD209, with an in-frame N-terminal His-6-prebundlin fusion. The His-6-prebundlin fusion protein expressed in strain M15 (pREP4) was purified by affinity chromatography on a nickel-nitroloacetic acid column and eluted with a 0-500 mM imidazole gradient, according to the manufacturer's instructions. The purified fusion protein was mixed with Freund's incomplete adjuvant for booster immunization. Antiserum was diluted 1:5 in phosphate-buffered saline (PBS) and absorbed with the pellet of a 10 ml overnight culture of bfpA ::TnphoA mutant strain 10-1-1(1). After incubation for 8 h at 48C with gentle shaking, the mixture was centrifuged at 10 000 2 g, and the supernatant (absorbed antiserum) was collected. This process was repeated eight times, using a fresh bacterial culture each time. The absorbed antiserum was further purified with an immobilized E. coli lysate kit (Pierce) according to the manufacturer's instructions.
SDS-PAGE and immunoblotting
Electrophoresis of proteins in 15% polyacrylamide gels in the presence of SDS was performed as described by Sambrook et al. (1989) . Separated proteins were electrotransferred onto nitrocellulose membranes. Blots were blocked with PBS/ Tween-20 (0.5%) (v/v), reacted with the anti-bundlin polyclonal antibody described above (1:5000 dilution), incubated with alkaline phosphatase-conjugated anti-rabbit immunoglobulin G (Boeringer Mannheim) (1:1000 dilution), and developed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Harlow and Lane, 1988) .
Preparation of protein A-sepharose beads covalently linked to polyclonal antibody Binding and coupling were carried out essentially as described by Harlow and Lane (1988) . In short, 1 ml of purified antiserum was incubated overnight at 48C with 500 m l of a 50% (v/v) suspension (in PBS) of protein A-sepharose CL-4B beads (Amersham). The antiserum was covalently attached to the beads with dimethylpimelimidate (20 mM final concentration), and was stored at 48C in PBS containing 0.02% sodium azide.
Pulse-chase experiments for assay of disulphide-bond formation and protein stability Overnight cultures of E. coli strains were diluted 1:20 into M9 glucose medium supplemented with 18 amino acids (excluding methionine and cysteine) and ampicillin, grown to an OD 600 of 0.6, and induced with 5.0 mM IPTG for 5 min. Cultures were then labelled for 2 min with a 100 m Ci ml ) and chased with the addition of excess (10 mM) cold methionine and cysteine. Time zero was defined as the point at which cold methionine and cysteine were added. Samples (100 m l) taken at different chase points were incubated with iodoacetamide (20 mM final concentration) for 10 min to block all free sulfhydryl groups. Cells were centrifuged (12 000 2 g, 2 min, 48C) and resuspended in 40 m l of a solution containing 1% SDS, 50 mM Tris-HCl (pH 8.0) and 1 mM EDTA, boiled for 5 min, diluted with 1 ml of cold Triton buffer (2% Triton X-100, 50 mM TrisHCl, pH 8, 150 mM NaCl, 0.1 mM EDTA) and centrifuged (12 000 2 g, 10 min, 48C) to remove any non-specific precipitate. The supernatant was mixed with 20 m l of protein A beads coupled to anti-bundlin polyclonal antibody. After incubation overnight at 48C with gentle agitation, beads were collected by centrifugation at 12 000 2 g, washed three times in 1 ml of Triton buffer, and resuspended in 50 m l of Laemmli sample buffer lacking b -mercaptoethanol. After boiling for 5 min, samples were subjected to SDS-PAGE. Dried gels were examined by autoradiography.
